Introduction {#s1}
============

Targeted mutant mice are powerful tools for analysis of the biological functions of genes, and many investigators have generated knockout (KO), conditional knockout (cKO) and knockin (KI) mice by the gene targeting technology using mouse embryonic stem (ES) cells. Construction of a gene targeting vector is required for the generation of targeted mutant mice. Recently, several recombinase-based systems have been developed that have significantly simplified the construction of gene targeting vectors \[[@r33], [@r34]\]. A bacterial artificial chromosome (BAC) recombineering system involving DNA cloning and engineering has also been developed for the construction of such targeting vectors \[[@r33]\]. The first step in the construction of a gene targeting vector from a BAC clone is gene retrieval into a DT-A plasmid by Red/ET recombination. However, the efficiency of gene retrieval from BAC clones remains poor, and the toxicity of eukaryotic genomic sequences causes instability of the plasmid in *Escherichia coli* \[[@r5], [@r16], [@r31]\].

The C57BL/6 strain of mice is one of the best characterized for gene targeting, and was also the reference strain for establishing the mouse genome sequence \[[@r29], [@r30]\]. This strain is widely used in a variety of biomedical fields, and in fact, the JAX Mice Database (http://jaxmice.jax.org/) includes many gene-targeted mouse lines with the C57BL/6 genetic background, including those expressing Cre recombinase, which is used for generating tissue-specific KO mice. Furthermore, large-scale mouse mutagenesis projects were organized by the International Knockout Mouse Consortium to select inbred C57BL/6 strain-derived ES cells for producing mutations of all the protein-coding genes in the mouse \[[@r3], [@r10]\]. Thus, the genetic background of the C57BL/6 strain is extremely useful for the generation of targeted mutant mice. However, for reasons that are not entirely clear, it remains difficult to acquire chimeric mice with confirmed germline competency on this background \[[@r2], [@r38], [@r42], [@r43]\]. A one of the technology that has been used to overcome this problem is the straightforward and efficient clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated (Cas) system for genome editing both *in vivo* and *in vitro* \[[@r6], [@r11], [@r13], [@r19], [@r27], [@r36]\]. This system has been demonstrated to cause double-strand breaks in mammalian cells, and to be useful for the generation of KO mice \[[@r41]\]. However, it was still difficult to produce cKO mice and KI mice of the inserted cDNA, as off-target mutagenesis frequently occurs in the genomic DNA when using the CRISPR/Cas9 system \[[@r12], [@r17], [@r35], [@r44]\].

We here describe an improved method to generate targeted mutant mice on a C57BL/6 background. The method involves improved gene retrieval from a BAC clone for the construction of a gene targeting vector, use of a lower voltage for electroporation, and use of a serum-free medium (KSR medium), which is widely available for culture. These improvements enabled more efficient generation of targeted mutant mice on a C57BL/6 genetic background and are expected to promote better use of the publicly available C57BL/6 strain ES cell resources by the biomedical research community.

Materials and Methods {#s2}
=====================

Generation of the gene retrieval vector
---------------------------------------

A gene retrieval vector was constructed by isolating a genomic region of the *Wapl* gene from the BAC clone RP23-478G5 (Life Technologies Japan, Tokyo, Japan) and transferring it into the pMCS.DT-A plasmid (Addgene). Another gene retrieval vector was constructed with a genomic region of the *Pgr* gene that was isolated from the BAC clone RP23-23L9 (Life Technologies Japan). The two end homologies (5′ homology arm, *Not*I/*Sac*II fragment; 3′ homology arm, *Sac*II/*Sac*I fragment) were amplified by polymerase chain reaction (PCR) using the appropriate primer pairs ([Supplementary Table S1](#pdf_001){ref-type="supplementary-material"}) and each BAC clone as the template. The two amplified sequences were ligated into the pMCS.DT-A plasmid using Ligation High, ver.2 (Toyobo, Osaka, Japan). Ligation between the two end homologies and the pMCS.DT-A plasmid was confirmed by PCR using the primer pairs shown in [Supplementary Table S1](#pdf_001){ref-type="supplementary-material"}. Then, each plasmid DNA was linearized by digestion with *Sac*II, and the phosphates were removed from the ends of the DNA to prevent religation of the linearized plasmid DNA using calf intestinal alkaline phosphatase (Takara Bio, Shiga, Japan). These plasmids were then used as the gene retrieval vectors.

Construction of the Wapl gene cKO targeting vector
--------------------------------------------------

For construction of the *Wapl* gene cKO targeting vector, one loxP site was inserted upstream of exon 3 and another was inserted downstream of exon 4 to generate a frameshift by Cre-mediated deletion of exon 3 and 4 in the targeted *Wapl* gene region. The detailed protocol for the generation of this vector is explained in [Supplementary methods](#pdf_001){ref-type="supplementary-material"}.

Animals
-------

C57BL/6J and C57BL/6N mice were purchased from Charles River Laboratories, Japan (Kanagawa, Japan). ICR and pseudopregnant recipient mice were purchased from Sankyo Labo Service Corporation (Tokyo, Japan). The animals were housed in cages (five animals per cage) and provided access to water and food (FR-1; Funabashi Farm, Chiba, Japan) *ad libitum*. The animal rooms were maintained in a temperature-controlled (21°C--25°C) and light-controlled (12L:12D cycle, lights on at 0800 h) environment. All of the mice were bred and maintained under specific-pathogen-free conditions. All animal care and procedures that were performed in this study conformed to the guidelines for animal experiments of Tokyo Medical University, and they were approved by the Animal Research Committee of Tokyo Medical University.

Derivation and culture of mouse ES cells
----------------------------------------

ES cells derived from C57BL/6J mice were established using standard methods \[[@r32]\], with some modifications in the duration of culture. Blastocysts collected at 3.5 days postcoitus (dpc) were cultured on 96-well tissue culture plates with a mouse embryonic fibroblast (MEF) feeder layer in KSR medium, which consisted of high-glucose DMEM (GIbco, Frederick, MD) supplemented with 15% Knockout-Serum-Replacement (Gibco), 2 mM glutamine (Gibco), 1 mM sodium pyruvate (Gibco), 0.1 mM non-essential amino acids (Gibco), 0.1 mM 2-mercaptoethanol (Nakalai Tesque, Kyoto, Japan) and 1,000 U/ml LIF (Merck Millipore, Darmstadt, Germany). After the emergence of primary ES cells, the cells were passaged three more times in KSR medium, and then frozen in liquid nitrogen for cryopreservation when they reached 70%--80% confluence ([Supplementary Fig. S1A](#pdf_001){ref-type="supplementary-material"}).

In the case of ES cells cultured on a MEF feeder layer in serum-containing medium ([Figs. 2A](#fig_002){ref-type="fig"}Fig. 2.Generation of C57BL/6-strain ES cells containing a homologous recombination. (A) Experimental design to examine the optimal voltage for electroporation. (B) Number of ES colonies after electroporation. The average number was 33 for C57BL/6N ES colonies and 40 for C57BL/6J ES colonies after electroporation at 250 V, and 341 for C57BL/6N ES colonies and 328 for C57BL/6J ES colonies after electroporation at 220 V. \**P*\<0.01. (C) Rate of homologous recombination in the ES cells after electroporation. The average rate was 0.00% for C57BL/6N ES colonies and C57BL/6J ES colonies after electroporation at 250 V, 0.47% for C57BL/6N ES colonies and 0.31% for C57BL/6J ES colonies after electroporation at 220 V. \**P*\<0.01. (D) The structure of the murine *Wapl* gene and the targeted locus are shown. Genotyping by Southern blot analysis using the 3′ external probe on *Sca*I-digested genomic DNA, and internal Neo probe on *Xho*I-digested genomic DNA. The blue arrowheads indicate band sizes of 5.0-kb (wild-type) and 6.6-kb (target) in the *Sca*I-digested genomic DNA using the external 3′ probe. The orange arrowhead shows a fragment of 6.2-kb (target) in the *Xho*I-digested genomic DNA detected using the Neo internal probe. (E) Southern blot analysis of genomic DNA to confirm homologous recombination in the ES cells lines on a C57BL/6 strain background. and [3A](#fig_003){ref-type="fig"}Fig. 3.Generation of targeted mutant mice. (A) Experimental design for the culturing of ES cells, including the use of the KSR medium, before electroporation. (B) The number of ES colonies after electroporation. The average number was 36 for C57BL/6N ES colonies and 26 for C57BL/6J ES colonies by \#1, and 323 for C57BL/6N ES colonies and 327 for C57BL/6J ES colonies by \#2. \**P*\<0.01. (C) The rate of homologous recombination in the ES cells after electroporation. The average rate was 0.00% for C57BL/6N ES colonies and C57BL/6J ES colonies by \#1, 0.42% for C57BL/6N ES colonies and 0.41% for C57BL/6J ES colonies by \#2. \**P*\<0.01. (D) Photographs of an F0-chimeric mouse (green arrowhead) derived from C57BL/6N ES cells and an F0-chimeric mouse (black arrowhead) derived from C57BL/6J ES cells. Analysis of germline transmission by coat color analysis after natural mating between a male mouse with a high contribution C57BL/6N ES cells (green arrowhead) and a wild-type C57BL/6N female mouse (white arrowhead), and between a 100% F0-chimeric male mouse (black arrowhead) and a wild-type C57BL/6J female mouse (red arrowhead). Generation of F1 mice with a black coat color (orange arrowheads and blue arrowheads), confirming germline transmission in a male mouse with a high contribution of C57BL/6N ES cells and in 100% F0-chimeric male mice derived from each of the C57BL/6 ES cell lines. (E) Southern blot analysis of genomic DNA to confirm homologous recombination in the F1 mice.), the medium consisted of high-glucose DMEM supplemented with 15% serum (Gibco), 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 0.1 mM 2-mercaptoethanol, and 1,000 U/ml LIF. Mouse ES cells were passaged in serum-containing medium, when they reached 70%--80% confluence.

Chromosome number analysis
--------------------------

Chromosome number analysis of the ES cells was performed as described previously \[[@r39]\]. Well-spread metaphases were identified by microscopy, and the chromosome numbers were counted on the micrographs.

Alkaline phosphatase staining and immunocytochemical analysis
-------------------------------------------------------------

ES cells were fixed with 4% paraformaldehyde in phosphate buffer solution (Wako, Osaka, Japan). Alkaline phosphatase activity was detected using a commercial ES Cell Characterization Kit (Merck Millipore), as described previously \[[@r26]\]. Immunostainings for SSEA1 and Oct-4 were performed using the ES cell sample marker kit (Merck Millipore). The FITC-conjugated goat anti-mouse IgM antibody, AP128F (Merck Millipore) was used as the secondary antibody for the detection of SSEA1, and the Cy3-conjugated goat anti-mouse IgM antibody, AP128C (Merck Millipore) was used as the secondary antibody for the detection of Oct-4. Stained ES cells were observed under a fluorescence microscope (KEYENCE, Osaka, Japan).

Isolation of ES clones with homologous recombination by electroporation
-----------------------------------------------------------------------

ES cells (4 × 10^7^) in HEPES-buffered salt buffer were transfected with 120 *µ*g of the linearized targeting vector in a 4-mm electrode gap cuvette (1 × 10^7^ cells, 30 *µ*g of linear DNA, in a total volume of 700 *µ*l/cuvette) by electroporation using Bio-Rad Gene Pulser (Bio-Rad, Hercules, CA). At 10 min after the transfection, the ES cells were plated onto a feeder layer. Selection with 300 *µ*g/ml of G418 (Gibco) was started 24 h after the electroporation. After 7--9 days of selection, ES cell colonies were picked up onto a 96-well tissue culture plate with a feeder layer. All of the colonies were replicated for cryopreservation and subjected to PCR and Southern blot analysis.

Validation of homologous recombination
--------------------------------------

PCR-based screening of the target *Wapl* gene ES cell clones was performed using the internal screening_F4 primer (TGCCTGCTTGCCGAATATCA) and the external screening_R4 primer (TGGACCACAATCACCACGTT) to detect the 2.6-kb PCR fragment. PCR-positive clones were confirmed by the presence of the 5′ loxP and 3′ loxP sites ([Supplementary Table S2](#pdf_001){ref-type="supplementary-material"}). Moreover, the PCR-positive clones were subjected to Southern blot analysis using the 3′ external probe (500 -bp) and to *Sca*I digestions for confirmation of 3′ integration. The Neo insert was confirmed by *Xho*I digestion of genomic DNA (10 *µ*g) and using Neo internal probe (804 -bp). After digestion, the genomic DNA was separated by electrophoresis on a 0.8% agarose gel and blotted on to a nylon membrane (Pall corporation, Washington, NY) before hybridization with the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche Applied Science, Mannheim, Germany). Blotting with the 3′ external probe yielded a 5.0-kb fragment corresponding to the wild-type allele, and a 6.6-kb fragment corresponding to the mutant allele. Furthermore, blotting with the Neo internal probe yielded a 6.2-kb fragment corresponding to the mutant allele.

The 3′ external probe was generated from a 500-bp PCR fragment using the ex3_7\_F primer (TGATGTCACAGCCAAGAATT) and ex3_7\_R primer (CAAAACTATTAGCTGCAAGT). The Neo probe was generated from an 804-bp PCR fragment using the Neo_F1 primer (TCAGAAGAACTCGTCAAGAAG) and Neo_R1 primer (ATGGGATCGGCCATTGAACA).

Generation of chimeric mice
---------------------------

ES cell clones containing the target *Wapl* gene were aggregated for the generation of chimeric mice. The cell clones were placed on a MEF feeder layer 2 days before embryo manipulation. The propagated ES cells were dissociated with 0.05% trypsin just before the aggregation. Eight-cell-stage-embryos were collected at 2.5 dpc from female ICR mice that had been superovulated by intraperitoneal (i.p.) injection of 5.0 IU of equine chorionic gonadotropin (Serotropin; ASKA Pharmaceutical, Tokyo, Japan) at 1600 h, followed by injection of 5.0 IU of human chorionic gonadotropin (Gonadotropin 3000; ASKA Pharmaceutical) 48 h later and then mated naturally with male ICR mice. The zona pellucida was removed by treatment with acid Tyrode's solution (Sigma-Aldrich, St. Louis, MO). Fifteen to twenty ES cells were aggregated with each zona-free embryo and cultured overnight in micro-drops of KSOM medium (ARK Resource, Kumamoto, Japan) under mineral oil at 37°C, 5% CO~2~, and 95% humidity. The chimeric embryos were transferred at 2.5 dpc into the uterine horns of pseudopregnant female ICR mice (Sankyo Labo Service Corporation). Chimeric mice were identified 20 days after birth by their black eyes and their black coat color. Chimeric males showing germline transmission were crossed with C57BL/6 females.

Statistics
----------

Data are expressed as average values ± SEM. The Student's *t*-test was used to statistically analyze the differences between two groups. A *P*-value of less than 0.05 was considered to indicate a significant difference betweween two group.

Results {#s3}
=======

Gene retrieval from a BAC clone by Red/ET recombination
-------------------------------------------------------

For the construction of a conditional *Wapl* gene targeting vector, we first retrieved a region of the *Wapl* gene from a BAC clone and inserted it into the DT-A cassette by Red/ET recombination ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Strategy for gene retrieval using the Red/ET recombineering system. (A) Exon 3 and exon 4 of the *Wapl* gene were isolated from an RP-478G5 BAC clone and transferred to a DT-A cassette using the Red/ET recombineering system; gene retrieval was attempted by shaking or static culture at 37°C or 30°C. (B) Genotype analysis by PCR. Subcloning by shaking culture at 37°C and 30°C yielded a 530-bp fragment amplified by PCR 1. On the other hand, subcloning by static culture at 30°C yielded a 588-bp fragment amplified by PCR 2. M, marker; B, BAC clone used as a negative control. (C) Exon 1 of the *Pgr* gene was isolated from an RP-23L9 BAC clone and transffered to the DT-A cassette using the Red/ET recombineering system; gene retrieval was attempted by shaking and static culture at 37°C and 30°C. (D) PCR analysis of the genotype. Subcloning by static culture at 30°C yielded a 539-bp fragment amplified by PCR 3 and a 524-bp fragment amplified by PCR 4. M, marker; B, BAC clone used as a negative control.). Gene retrieval from BAC clones are often unsuccessful, because of plasmid instability in *E. coli* owing to the presence of an unidentified promoter that produces a toxic peptide from eukaryotic genomic sequences \[[@r5], [@r16], [@r31]\]. Therefore, the challenge was how to maintain maximum plasmid stability in *E. coli* after gene retrieval. A previous study showed that the number of proteins synthesized is dramatically reduced in *E. coli* when cultured at low temperatures \[[@r20]\]. Moreover, static culture effectively suppressed the growth of ground beef microflora while allowing the healthy growth of *E. coli* \[[@r4]\]. Thus, we analyzed the culture conditions (shaking or static culture and high or low temperatures) that are the most suitable for obtaining optimal plasmid stability in *E. coli* after gene retrieval ([Fig. 1A](#fig_001){ref-type="fig"}). Furthermore, to identify the gene retrieval clone, we performed PCR analysis. A 530-bp fragment including the targeted *Wapl* gene was detected upon both shaking and static culture at 37°C and 30°C by PCR 1. In contrast, a 588-bp fragment was detected in the static culture at 30°C by PCR 2 ([Fig. 1B](#fig_001){ref-type="fig"}, [Supplementary Table S1](#pdf_001){ref-type="supplementary-material"}).

We next attempted to validate the gene retrieval of another gene, as a confirmatory experiment: genomic DNA from the *Pgr* gene was retrieved from a BAC clone and transferred into a DT-A cassette by Red/ET recombination ([Fig. 1C](#fig_001){ref-type="fig"}). In the case of the *Pgr* gene, a 539-bp fragment was detected in static culture at 30°C by PCR 3. Furthermore, a 524-bp fragment was detected in static culture at 30°C by PCR 4 ([Fig. 1D](#fig_001){ref-type="fig"}, [Supplementary Table S1](#pdf_001){ref-type="supplementary-material"}). These results showed that gene retrieval was accomplished for both genes by static culture at 30°C.

Efficient gene retrieval from a BAC clone by static culture at a low temperature
--------------------------------------------------------------------------------

To examine the efficiency of gene retrieval from a BAC clone by Red/ET recombination, we compared the rate of gene retrieval between shaking and static culture at high and low culture temperatures. For the case of the *Wapl* gene, following culture at 37°C after colony harvesting, the gene was not retrieved from any of the 500 colonies after either shaking or static culture (0.0%; [Table 1](#tbl_001){ref-type="table"}Table 1.Efficiency of gene retrieval by Red/ET recombinationTarget geneCulture temperatureCulture methodNo. of colonies testedNo. of colonies with the target gene (%)^a^*Wapl*37°Cshaking5000 (0.0)^b,d^37°Cstatic5000 (0.0)^b,e^30°Cshaking502 (4.0)^c,d^30°Cstatic5040 (80.0)^c,e^*Pgr*37°Cshaking1000 (0.0)^f,h^37°Cstatic1000 (0.0)^f,i^30°Cshaking500 (0.0)^g,h^30°Cstatic5044 (88.0)^g,ia^No. of colonies with the target gene/no. of colonies tested. Fisher exact test was used for pairwise comparisons, as indicated by superscripts: ^b,f,h^*P*=1.0000; ^c,e,g,i^*P*=0.0000; ^d^*P*=0.0081.). By contrast, following shaking culture at 30°C after colony harvesting, the gene was retrieved from two colonies out of the 50 colonies tested (4.0%; [Table 1](#tbl_001){ref-type="table"}). Interestingly, the gene was retrieved from 40 colonies out of 50 colonies after static culture (80.0%; [Table 1](#tbl_001){ref-type="table"}). Next, for the *Pgr* gene, following culture at 37°C after colony harvesting, the gene could not be retrieved from any of the 100 colonies after either shaking or static culture (0.0%; [Table 1](#tbl_001){ref-type="table"}). In contrast, following static culture at 30°C after colony harvesting, the gene was retrieved from 44 colonies out of 50 colonies (88.0%; [Table 1](#tbl_001){ref-type="table"}), although no positive colonies (0.0%; [Table 1](#tbl_001){ref-type="table"}) were obtained with shaking culture. These results indicated that static culture at 30°C markedly improved the efficiency of gene retrieval from a BAC clone in *E. coli*.

Electroporation of constructs into C57BL/6 strain ES cells for the generation of conditional Wapl KO mice
---------------------------------------------------------------------------------------------------------

Using our newly established ES cell lines ([Supplementary Fig. S1A-G](#pdf_001){ref-type="supplementary-material"}), we next attempted to generate genetically modified mice on a C57BL/6J background. Specifically, we attempted to generate conditional *Wapl* gene KO mice on a C57BL/6J background, and towards that objective, we selected C57BL/6J ES-\#2, which yielded the largest number of 100% F0-chimeric mice, which confirms germline transmission, among the four newly established ES cell lines ([Supplementary Table S3](#pdf_001){ref-type="supplementary-material"}). For comparison, we also generated, in parallel, the same mice using EGR-101, an ES cell line derived from C57BL/6N \[[@r14]\].

For the generation of cKO mice, electroporation of the construct is an important step, and the optimum electric voltage is known to vary among ES cell lines. We first tested 250 V, which is the voltage recommended for the TT2 ES cell line \[[@r45]\], as well as 220 V, which is recommended for the A2lox ES cell line \[[@r15]\] ([Fig. 2A](#fig_002){ref-type="fig"}). After 7--10 days of selection with G418 following the electroporation, the number of C57BL/6 strain ES colonies obtained after electroporation at 250 V was found to be significantly lower than that after electroporation at 220 V ([Fig. 2B](#fig_002){ref-type="fig"}). Moreover, although we could not confirm the occurrence of homologous in any of the C57BL/6 strain ES cells after electroporation at 250 V, successful homologous recombination was confirmed after electroporation at 220 V ([Figs. 2C--2E](#fig_002){ref-type="fig"}). These results suggest that the number of C57BL/6 strain ES colonies obtained improves by electroporation at 220 V for obtaining homologous recombination in ES cells. We therefore set the voltage for electroporation to 220 V for the subsequent experiments.

Efficient generation of targeted mutant mice
--------------------------------------------

For the generation of targeted mutant mice via homologous recombination in C57BL/6 strain cells, we attempted to generate targeted mutant mice with a high contribution of ES cells. However, mice with a high contribution of ES cells could not be obtained from homologous recombination in C57BL/6 strain cells ([Table 2](#tbl_002){ref-type="table"}Table 2.Generation of germline-competent chimeric mice by induction of homologous recombination in ES cellsES cell lineES culture mediumNo. of transferred chimeric embryosNo. of total pups (%)^a^No. of colored F0- chimeric mice (%)^b^No. of mice with a high contribution (\> 70% chimerism) of ES cells^c^ (%)^b^Rate of GLT^d^ in low contribution (\< 70%) F0-chimeric miceRate of GLT^d^ in high contribution F0-chimeric miceB6NESSerum medium14012 (8.6)^e^3 (25.0)^f^0 (0.0)^g^0/30KSR medium24538 (15.5)^e^30 (78.9)^f^28 (73.7)^g^0/225/28B6JESSerum medium14218 (12.7)^h^5 (27.8)^i^0 (0.0)^j^0/50KSR medium14329 (20.3)^h^22 (75.9)^i^17 (58.6)^j^0/516/17^a^No. of total pups/no. of transferred chimeric embryos. ^b^No. of F0 chimeras/no. of total pups. ^c^mice that show coat color contribution of the aggregated ES cells in the host mouse. ^d^GLT, germline transmission. Fisher exact test was used for pairwise comparisons, as indicated by superscripts: ^e^*P*=0.0588; ^f^*P*=0.0012; ^g,h^*P*=0.0000; ^i^*P*=0.1099; ^j^*P*=0.0021.). Therefore, another challenge was to establish an optimal method for the maintenance of ES cells with homologous recombination, for generating targeted mutant mice. ES cells need to be maintained in both an undifferentiated and germline-transmitted state for the generation of targeted mutant mice. Therefore, we examined various media to identify the most suitable for obtaining germline-transmitted chimeric mice. It has been reported that differentiation is more restrained in KSR medium than in fetal bovine serum-containing medium \[[@r8]\]. Therefore, the four newly established cell lines were cultured in KSR medium, which was found to be the suitable stem cell medium for stably maintaining the C57BL/6J ES cells in an undifferentiated ([Supplementary Figs. S1B--E](#pdf_001){ref-type="supplementary-material"}) and germline-transmitted ([Supplementary Figs. S2F and 2G](#pdf_001){ref-type="supplementary-material"}) state. First, we attempted homologous recombination in ES cells obtained in KSR medium before electroporation and cells cultured in KSR medium after electroporation ([Fig. 3A, \#1](#fig_003){ref-type="fig"}). However, only a small number of ES colonies were obtained and none of them had undergone homologous recombination ([Figs. 3B and 3C](#fig_003){ref-type="fig"}). Thus, KSR medium before electroporation affects not only the survival rate of cells after electroporation. We suggest that the electroporation conditions affect the number of C57BL/6 strain ES colonies that are obtained, which is lower in serum-containing medium than in KSR medium ([Fig. 2B](#fig_002){ref-type="fig"}). We therefore analyzed homologous recombination in ES cells obtained in serum-containing medium before electroporation and those obtained by culturing in KSR medium after electroporation ([Fig. 3A, \#2](#fig_003){ref-type="fig"}). Our results showed that the number of C57BL/6 strain ES colonies obtained after culturing in serum-containing medium was significantly higher than that obtained by culturing in KSR medium ([Fig. 3B](#fig_003){ref-type="fig"}); furthermore, we confirmed that homologous recombination had occurred in these ES cells ([Fig. 3C](#fig_003){ref-type="fig"}). Thus, the number of C57BL/6 strain ES colonies increased with the use of serum-containing medium before electroporation ([Fig. 3B](#fig_003){ref-type="fig"}). Taken together, these results suggest that culturing the cells in serum-containing medium before electroporation improves obtainment the number of C57BL/6 strain ES colonies for obtaining homologous recombination in ES cells.

Interestingly, not a single mouse with a high contribution of ES cells was generated from the transferred embryos aggregated with the ES cells cultured in serum medium, despite the generation of a certain number of colored F0-chimeric mice ([Table 2](#tbl_002){ref-type="table"}). In contrast, in the case of embryos aggregated with the ES cells cultured in KSR medium, colored F0-chimeric mice were efficiently generated, most of which were mice with a high contribution of ES cells ([Fig. 3D](#fig_003){ref-type="fig"}, [Table 2](#tbl_002){ref-type="table"}). Furthermore, germline transmission was confirmed in most of the mice with a high contribution ES cells ([Figs. 3D, 3E](#fig_003){ref-type="fig"}, [Table 2](#tbl_002){ref-type="table"}). In contrast, germline transmission was not confirmed in any of the F0 mice derived from C57BL/6J ES cells with less than 100% chimerism and C57BL/6N ES cells with less than 70% chimerism ([Table 2](#tbl_002){ref-type="table"}).

Moreover, we investigated the generation of targeted mutant mice for the 4 targeted genes by using C57BL/6N ES cells ([Supplementary Table S4](#pdf_001){ref-type="supplementary-material"}, represented as A through D). Although the recombination frequencies to the homologous target loci of the surviving ES cells after selection with G418 were in the range of 0.6% to 5.5% in four independent experiments, homologous recombination in ES cells was obtained by culturing in serum-containing medium before electroporation and in KSR medium after electroporation in all experiments ([Supplementary Table S4](#pdf_001){ref-type="supplementary-material"}). Furthermore, in all the experiments performed by the aggregation method, the number of F0-chimeric mice obtained was between 7 and 12, mice with greater than 70% chimerism were obtained at a rate of 41.7% to 66.7%, and germline-transmitting-mice were successfully obtained at a rate of 16.6% to 55.6% ([Supplementary Table S4](#pdf_001){ref-type="supplementary-material"}). These results suggest that there is a high possibility that C57BL/6 strain ES cells can be germline-transmitted by culturing in serum-containing medium before electroporation and in KSR medium after electroporation.

Discussion {#s4}
==========

The Red/ET recombineering system has been introduced as an efficient construction of a targeting vector for the generation of targeted mutant mice. However, as there is a loxP site in the BAC backbone, although a loxP-neo-loxP cassette is first inserted into the BAC, it is difficult to remove the genomic region of neo-loxP using the 706-Cre plasmid, when constructing conditional gene targeting vectors in a BAC. Therefore, we first attempted gene retrieval into a DT-A cassette from a BAC to remove the loxP site within the BAC backbone. However, gene retrieval was unsuccessful owing to the toxicity of eukaryotic genomic sequences that are unstable in *E. coli*. In a recent study, a toxic peptide from a eukaryotic genomic sequence was found to be produced by an unidentified promoter of a high-copy-number vector in *E. coli* \[[@r5], [@r16], [@r31]\]. Therefore, a low-copy-number vector was selected to reduce the possible toxic effects in *E. coli*. Moreover, it was reported that successful gene retrieval could be achieved by retransformation of the DNA isolated by mini-preparation; however, many points remain unclear regarding the details of this method \[[@r7]\]. On the other hand, we successfully achieved gene retrieval in an efficient manner, by static culture at 30°C. Therefore, our findings suggested that static culture at a low culture temperature prevents the production of toxic peptides from eukaryotic genomic sequences in *E. coli*, enabling efficient gene retrieval, and it may inhibit the expression of genes that promote self-ligation/end-joining of retrieval plasmid. Furthermore, previous studies showed that the loxP-oligo and loxP-neo cassette can be simultaneously inserted into the BAC before retrieval, and hence it is possible to construct conditional gene targeting vectors in 7 days \[[@r33]\]. However, as the rate of loxP insertion into the BAC was 0%--6.2%, repeated trial and screening by PCR analysis would be required, resulting in high costs, which is unfavorable as a method for the construction of conditional gene targeting vectors. In this study, we demonstrated that our method takes 15 days, but requires fewer samples for screening by PCR analysis, as well as fewer trials and at a lower cost, and highly stable and hence useful for the construction of conditional gene targeting vectors. Therefore, our newly established method was able to overcome the problems of the previous methods.

KO mice generated by gene targeting technology are often used to analyze the biological functions of genes. Nearly two decades have passed since ES cell lines derived from C57BL/6 mice were first established and their usefulness has frequently been reported \[[@r21], [@r24]\], although developmental defects in these mice have been noted \[[@r18]\], and the cells often become unstable aneuploid cells and deteriorate under standard culture conditions \[[@r18]\]. Much fewer KO mice have been generated from C57BL/6 ES cell lines compared with from the widely used 129 ES cell lines \[[@r22]\]. In recent studies, modifications of the culture conditions of C57BL/6 ES cells have been proposed, one of which is the use of KSR medium for culturing of the ES cells \[[@r8]\]. Moreover, the use of two inhibitors, targeting ERK and GSK3 has been reported to prevent the differentiation of ES cells \[[@r46], [@r47]\]. Furthermore, the use of three inhibitors, targeting the FGF receptor, ERK, and GSK3, which were originally used to culture rat ES cells \[[@r25]\], has been reported to be effective for the maintenance of germline-competent C57BL/6 ES cells \[[@r23], [@r37]\]. However, the conditions of electroporation and of subsequent culture remained to be fully optimized for C57BL/6 ES cells. In this study, we first established four germline-competent C57BL/6J ES cell lines. Then, we attempted to generate germline chimeric mice in an efficient manner. However, electroporation at 250 V, which is the recommended voltage for TT2 cells, did not enable the satisfactory maintenance of ES cells, and homologous recombination was unsuccessful in these cells. On the other hand, electroporation at 220 V improved both the survival of the cells after electroporation and the homologous recombination efficiency. Furthermore, we used KSR medium for culturing the ES cells after electroporation. Inhibitors do no need add to the medium in this strategy, and it is possible to prepare the medium at low cost, enabling the generation of a sufficient number of chimeric mice.

New technologies have recently been proposed for generating genetically engineered mice on a C57BL/6 background without the use of ES cells, including the use of zinc-finger nucleases (ZFNs) \[[@r28]\], transcription activator-like effector nucleases (TALENs) \[[@r40]\], and CRISPR/Cas9. Using these methods, targeted mutant mice can be generated by direct injection of the enzymes into the pronuclei and/or cytoplasm of the fertilized embryos \[[@r41]\]. However, the gene targeting region is restricted to the ZFNs and TALENs that can be constructed \[[@r28], [@r40]\]. Furthermore, off-target mutagenesis is an important critical issue when the CRISPR/Cas9 technology is used \[[@r12], [@r17], [@r27], [@r35], [@r44]\]. A recent study reported that although the frequency of off-target mutagenesis was reduced with the use of the CRISPR/Cas9 technology, the risk still exists, along with the risk of deficient gene disruption by off-target mutagenesis \[[@r9]\]. On the other hand, our improved conventional method can be used for artificial modification and for gene targeting of any genetic region, and allows complete genetic disruption while avoiding off-target mutagenesis, with the use of a minimum number of animals. A recent study has reported the construction of a targeting vector for the generation of KI mice using the CRISPR/Cas9 technology \[[@r1]\]. Therefore, our findings indicate that an improved method of gene retrieval from a BAC clone is required for the stable generation of targeted mutant mice.

In conclusion, we have established an improved strategy based on a conventional technique, to generate stable germline chimeric mice using C57BL/6-strain ES cell lines. First, efficient gene retrieval from a BAC clone into the DT-A cassette was accomplished using Red/ET recombination by static culture at 30°C. Then, a combination of electroporation at 220 V and culture in KSR medium after the electroporation enabled efficient generation of targeted mutant mice on a C57BL/6 background. This strategy is expected to improve the efficient generation of targeted mutant mice for the analysis of gene functions.
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